Aiming to evaluate how stirring procedures impact biodiesel production from castor oil, this work employed a fractional factorial design to study the influence of some parameters on the alkaline catalytic transesterification of castor oil for biodiesel production. Biodiesel was produced in a pilot plant equipped with a stirring tank reactor and a thermostatic bath. The study used a 2 7-2 factorial design. The variables were stirring rate, presence or absence of deflection, impeller type, oil/methanol molar ratio, reaction time, temperature, and catalyst type. Gas chromatography afforded the reaction yields. Analysis of each variables as well as evaluation of binary interactions helped to determine how the parameters affected biodiesel production. The best conditions for a yield of 99.3 % were: turbine impeller, absence of deflection in the reactor, stirring rate of 500 rpm, 1:7 oil/alcohol molar ratio, sodium hydroxide as catalyst, reaction time of 30 min, and temperature of 50 °C.
INTRODUCTION
Biodiesel is a renewable biofuel originated from various sources, such as a vegetable oil (soybean, corn, palm, and castor oils), an animal fat (beef tallow, chicken fat), and used cooking oil ( When studying the use of oilseeds in biodiesel production, the seeds of castor beans have attracted a huge interest, for they are abundant in northeastern area of Brazil, the world's third larger producer of castor beans, accounting for 8 % of the world's production in 2010/2011 (Baron et al., 2014). The amount of oil extracted from these seeds ranges between 40 and 50 % in weight Scholz & Silva, 2008) . Despite featuring these favorable characteristics, castor oil is not considered the best raw material to produce biodiesel. Nonetheless, its study is important because the castor oil biodiesel has high viscosity and density, factors that cause undesirable outcomes, such as longer residence times, low yields, and high costs related to the use of chemicals. In general, animal fats and vegetable oils present high viscosity. Unfortunately, this characteristic prevents their direct use in engines that run on diesel ( Conventionally, the transesterification reaction is employed to produce biodiesel. This reaction basically consists of introducing a load of vegetable oil into a reactor coupled with a stirrer and heating system, where excess alcohols (methanol or ethanol) attack the glycerides in the presence of The transesterification reaction requires three moles of alcohol for each mole of triglyceride to yield a product with three moles of esters and one mole of triglyceride. The larger the oil/alcohol molar ratio is (1:5-1:9), the higher the conversion of triglycerides into esters and the shorter the time necessary for the reaction to proceed are. Also, the transesterification is reversible. The use of reagents in excess (alcohol) ensures that the reaction shifts toward the products.
The transesterification is very sensitive to the effects of alcohol, oil/alcohol molar ratio, catalyst type and quantity, stirring and mixing system, process temperature, and reaction time Stirring is a determining factor in biodiesel production process, since in conventional processes, at extreme reaction conditions, it is not possible to obtain acceptable yields by regulatory agencies of fuels.
It is noteworthy that the study of the effect of stirring has the aim to provide better conversions and reduce costs associated with reaction time and use of chemicals. This type of study is underexploited in the literature applied to transesterification reaction. Several studies have focused on the reaction kinetics using magnetic stirrers. These works, however, have not provided relevant data for performing industrial equipment designs. Therefore, the study on the use of different impellers in biodiesel production process is critical in the decision-making stage during the implementation of an industrial project.
In this context, this work aimed to study how some stirring parameters (impeller type, presence and absence of deflection, and stirring rate) impact biodiesel production from castor oil. This work also examined other process variables such as reaction time, temperature, oil/alcohol molar ratio, and catalyst. A fractional factorial design helped to analyze the influence of the assessed variables and their binary interactions on biodiesel production, to determine the best operational/reaction conditions to obtain the desired biodiesel.
MATERIALS AND METHODS
This work has investigated how physicochemical and mechanical variables affect biodiesel production by transesterification via methylic route, with the goal of proposing the use of highperformance equipment that maximizes the biodiesel output, whist minimizing the reaction time and costs. Physical variables like reaction time and temperature were also assessed. Also, stirring variables, namely, impeller type (impeller dimensions are shown on Table 1 ), presence or absence of deflection, and stirring rate were examined. All conditions were evaluated in order to improve mixing of the reagents (homogenization) and minimize the formation of vortices. The quality of the oil and the resulting biodiesel was analyzed on the basis of the existing regulations issued by the National Agency of Petroleum, Natural Gas, and Biofuels (ANP, Brazil).
Materials
For the transesterification reactions, commercially available castor oil (SUCROQUÍMICA), methanol PA (Synth), sodium hydroxide and potassium hydroxide PA (Synth), and magnesium sulfate (Dinâmica Ltda) were employed. The reactions were conducted in a stirring tank reactor (TECNAL/TE 2003/02) and a thermostatic bath (TECNAL/TE 184). Gas chromatography analysis was carried out on a VARIAN chromatograph (model CP 3800). Figure 1 shows the geometry and dimensions of the impellers.
Methods
For the transesterification process, a 1.5-L batch reactor coupled to a thermostatic bath was employed. This arrangement allowed for temperature control throughout the reactions. Physicochemical analysis aided the characterization of the castor oil and the resulting biodiesel in terms of viscosity, density, acidity index, and moisture content, according to ASTM D445, D4052, D664, and D6304 guidelines, respectively.
Experimental design
To optimize biodiesel production from castor bean oil, a 2 7-2 fractional factorial design was employed. The main response was the biodiesel yield. The adopted variables and levels were as follows: oil/methanol molar ratio of 1:5 or 1:7; temperature of 25 °C (close to room temperature) 
Biodiesel production
The transesterification reaction was conducted according to the procedure described in the preview sections. At the end of the reaction, the mixture was transferred to a separating funnel and allowed to rest for phase separation. The phases separated spontaneously in all reaction assays. The upper and lower phases were rich in biodiesel and glycerin, respectively. The biodiesel was washed three times with 0.7-M aqueous H 2 SO 4 , followed by two washings with distilled water, to adjust the pH and to remove tri-, di-, and monoacylglycerides as well as impurities like unreacted oil and alcohol, glycerin, and catalyst, among others. Next, the purified biodiesel was submitted to drying with approximately two grams of magnesium sulfate (dessicant), for an average of 30 min, to remove moisture acquired along the washing steps. Finally, the biodiesel samples were filtered and analyzed by gas chromatography, to determine the reaction yield.
Reaction yields
A gas chromatograph equipped with a flame ionization detector and a 2.2-m capillary column helped to determine the reaction yield, the percentage of castor oil conversion into biodiesel. The detector and injector temperatures were 250 and 240 °C, respectively; the oven temperature was programmed to rise from 150 to 260 °C at a heating rate of 10 °C/min. Glycerol trioctanoate (tricapryllin) was the internal standard; high-purity hydrogen gas (99.95 %) was the carrier gas. The injection volume was 1.0 μL. The biodiesel yield was calculated by means of Equation 1 and the experimental error obtained was, for all experiments, below 5.00 %. 
RESULTS AND DISCUSSIONS

Analysis of the physicochemical
properties of castor oil and biodiesel Table 2 shows the physicochemical properties of castor oil, compared with literature values, and biodiesel. To be commercially viable, biodiesel must comply with certain regulation requirements. Analyses of the final product (purified biodiesel) aided its characterization. According to Table 2 , viscosity and moisture contents of the biodiesel obtained in this work were below literature values. High viscosity is typical of castor oil, its distinct molecular structure favors intermolecular interactions, such as dipole-dipole forces and hydrogen bonds, because a hydroxyl group is present in the twelfth carbon of ricinoleic acid, which is the major component of castor oil. Blending of ricin biodiesel with other vegetable oils or mineral diesel reduces biofuel viscosity. The high moisture content in the biodiesel obtained herein might result from ineffective drying during the purification.
Influence of process variables and their main interactions
This work analyzed the effect of each variable and the impact of binary interactions in terms of biodiesel yield (oil conversion to methyl esters), with a 95 % confidence. The following variables afforded significant effects: catalyst, stirring rate, impeller type, and oil/methanol molar ratio. The experiments were carried out randomly. Table 3 lists all the assays according to the 2 7-2 fractional factorial design and the mean yield of each duplicate. Table 4 summarizes the estimated effects of the variables and their binary interactions, pure error, and the results of Student and p-value tests. The main negative effects, catalyst and impeller type, provided a lower reaction yield. The top positive effects, stirring rate and oil/alcohol molar ratio, contributed to achieve an increased reaction yield. The order of significance of the effects on transesterification were: catalyst type > impeller type > stirring rate > oil/alcohol molar ratio, irrespective of the algebraic sign. Interactions (3) and (7), (3) and (4), and (3) and (6) were significant and negative. This indicates that, as long as the individual trends of each main variable (stirring rate, temperature, oil/alcohol molar ratio, and time at the lower stirring rate) remain in order of priority, the result is a lower transesterification yield. On the basis of this statistical analysis, the reaction yield should rises upon inversion of the trend of the main variables that were less significant than the interactions. The effect due to interaction between variables (1) and (3) was significant and positive. Therefore, conservation of the individual trends of the main variables should raise the reaction yield.
The variable that led to the largest estimate effect (according to the experimental design) was the catalyst. NaOH was the ideal catalyst for biodiesel production from castor oil. The mechanical variables turbine impeller and high stirring rate (500 rpm) also elicited higher reaction yields. No literature work has evaluated how impeller type influences biodiesel production. Herein, the application of turbine impeller aimed to produce mass transfer during the stirring process. Indeed, this type of impeller dissolved reagents and catalyst to a larger extent, which improved the yields. This is because high rotation increased the collision rate and the number of effective collisions (which favored the formation of the higher-energy activated complex for product formation), thereby raising the ester production rate. According to 
Stamenkovic et al. (2007)
and Noureddini and Zhu (1997) verified that higher stirring rates produced biodiesel within a shorter reaction time. Together, these facts attest to the importance of studying the stirring and mixing processes along biodiesel production.
The ideal reaction time for biodiesel production from castor oil was 30 min. The reversibility of transesterification may favor reaction between the products, which form reactants after a prolonged reaction time. As a consequence, the yield of methyl esters is lower. In this sense, Falahati and Tremblay (2012) obtained an interesting result: Table 3 . Level of variables and biodiesel yield: n -experimental number; dup. -duplicate; I -impeller; C -chicanes; A -agitation velocity; R -molar ratio of oil/methanol; Cat -catalyst; t -reaction time; T -reaction temperature; Y (%) -yield. during shorter residence times, the non-reacted chemicals increased the internal pressure in the reactor, but the residence time did not affect the resulting biodiesel obtained from different sources. This information further highlights the result achieved with castor oil, because longer reaction times yielded larger conversion ratios.
According to the classic literature on biodiesel (Freedman et al., 1986) , temperature plays an important role in biodiesel production. At room temperature and up to a certain time, the transesterification reaction will only reach equilibrium. However, reactions conducted at temperatures close to the boiling point of the alcohol give better outcomes (Murugesan et al.,  2009 ). Based on the results of the present work, the ideal temperature for biodiesel production from castor bean oil is 50 °C, which is close to the boiling point of the alcohol. Bearing in mind that the optimized reaction time is 30 min, our results resemble those that literature works consider ideal for transesterification reactions. This work analyzed the yield of biodiesel production from castor oil in the presence of two catalysts, KOH or NaOH, under various operational conditions. Figure 2 illustrates the response surface for the interaction between the catalyst and the stirring rate. Figure 3 shows the surface response for the interaction between the impeller geometry and the oil/methanol molar ratio. Stirring the reactional mixture at a high rotation speed, 500 rpm, significantly increased the final biodiesel yield. Therefore, the impeller geometry, turbine or inclined-flat-blade impeller, was one of the most significant variables for achievement of higher biodiesel yield. Here, turbine impeller provided higher conversion ratios in the presence of NaOH as catalyst. The oil/methanol molar ratio 1:7 provided better biodiesel yields than the oil/methanol molar ratio of 1:5. Molar ratios ranging between 1:7 and 1:9 afforded higher biodiesel yields. 
CONCLUSIONS
This work investigates how stirring variables affect biodiesel production from castor oil via methyl transesterification and alkaline catalysis. The 2 7-2 fractional experimental design proved to be an excellent tool to evaluate the main effects of the variables and the interaction between them. This design determined the variables that favored the transesterification process.
The variables that impacted the transesterification reaction most significantly were the stirring rate, impeller type, catalyst type, and oil/alcohol molar ratios. The other studied parameters did not influence this process significantly. Considering the variables and the studied ranges, the best conditions to produce methyl biodiesel from castor oil via alkaline transesterification were: turbine impeller, absence of deflection, stirring rate of 500 rpm, oil/alcohol molar ratio of 1:7, NaOH as catalyst, reaction time of 30 min, and temperature of 50 ºC. Proper design of biodiesel production units require relevant laboratory data. Thus, this study shows that the choice of appropriate agitation system in the production can impact economic viability.
